Smaug, a protein repressing translation and inducing mRNA decay, directly controls an unexpectedly large number of maternal mRNAs driving early Drosophila development.
Regulation of translation and mRNA stability is a key aspect of early metazoan development. One of the best studied factors involved in these processes is the Drosophila protein Smaug. In this issue of Genome Biology, Chen et al. [1] report that a large number of maternal mRNAs in the fly embryo are probably regulated directly by Smaug.
Maternal mRNA and its degradation in early development
During the first few cell divisions in animal development, the embryo's genome remains silent. Development relies entirely on maternal RNA, a reservoir of RNA, including mRNA, copied from the mother's genome during oogenesis and deposited in the developing oocyte, and protein synthesis is regulated exclusively at the levels of mRNA translation, stability and localization. In a process termed maternal-to-zygotic transition (MZT), control of development is then transferred to the zygotic genome. MZT obviously depends upon activation of the zygotic genome, but destruction of a large fraction of maternal RNA is also required. One reason seems to be that re-expression of specific genes from the zygotic genome can be limited to certain cells or regions of the embryo and thus, together with localization or localized destruction of maternal mRNA, contributes to differentiation. MZT ends with the first morphological alterations that depend on zygotic transcription.
In the development of Drosophila, the first 13 cycles of genome duplication and nuclear division are rapid and synchronous. As these nuclear divisions are not accompanied by cell divisions, a syncytium (or, according to a more meticulous definition, a plasmodium) results. With the beginning of the much slower 14th division cycle, approximately two and a half hours after fertilization, cell membranes form around the nuclei, which have arranged themselves as a monolayer at the periphery of the embryo. This transition from the syncytial to the cellular blastoderm marks the end of the MZT, while zygotic genome activation begins already around cell cycle 10. The maternal mRNA present before this stage represents about 55% of all proteincoding genes; that is, 6,000 or more transcripts [2] [3] [4] . Among them are mRNAs encoding housekeeping proteins, such as ribosomal proteins, but also RNAs coding for regulators of the cell cycle and proteins essential for patterning the embryo. Estimates of the fraction of maternal mRNAs degraded before cell cycle 14 range from 30% to 60% [2] [3] [4] . At least two degradation pathways with overlapping substrate specificities are involved. The maternal pathway is triggered by the activation of eggs caused by the process of egg-laying, but is independent of fertilization. Maternal decay -which might actually consist of several pathways sharing the characteristic of being independent of fertilization -starts immediately upon egg activation, but the degradation of specific maternal mRNAs may require the first 3 h of development. In contrast, the zygotic pathway occurs only in developing embryos; that is, this pathway depends on fertilization and zygotic transcription, and kicks in at about 2 h of development. Genetic evidence suggests that multiple factors contribute to the zygotic pathway, so the existence of more than one pathway is likely [3] . MicroRNAs are among the zygotic factors selecting maternal mRNAs for degradation [4, 5] .
Smaug is essential for early development
One of the best-studied maternal mRNAs degraded through the maternal pathway is the nanos (nos) transcript, which encodes the protein directing the development of the posterior end of the embryo. The majority of the nos message is distributed uniformly throughout the embryo, remains translationally silent, and is degraded during the first 2.5 h of development. A small fraction of nos mRNA, however, which is localized in the germ plasm at the posterior end, escapes repression and destruction, providing the local source of Nanos protein that is essential for posterior patterning. Thus, degradation of maternal mRNA is not just mindless wholesale destruction, but a very finely tuned process that is interwoven with translational control and mRNA localization.
Among the regulators of nos mRNA is the protein Smaug, which binds the nos transcript through two Smaug recognition elements (SREs) residing in the 3' UTR. In contrast to Bilbo Baggins' eponymous adversary, Drosophila Smaug causes the destruction of the treasure it is sitting on, being responsible for both the translational repression and degradation of nos mRNA. Together with the piRNA machinery [6] , Smaug recruits the CCR4-NOT complex to induce deadenylation as the first step in mRNA decay [7, 8] and additional factors to repress translation [9] . Synthesis of Smaug starts after fertilization; the protein reaches peak levels at the syncytial blastoderm stage (cycles 10 to 13) and declines strongly during cycle 14. In accordance with this expression pattern, the development of Smaug-deficient embryos proceeds normally until division cycle 10, but further cycles are disturbed and cellularization never takes place. Importantly, zygotic genome activation is also impaired in smaug (smg) mutants [10] . As a deregulation of nos manifests itself later in development, the early phenotype of smg mutants indicates that there must be other important targets. The only other Smaugregulated mRNA that has been studied in detail, Hsp83 RNA (which is destabilized rather than translationally repressed by Smaug) [7] , is unlikely to provide an explanation for the early embryonic defects of smg mutants.
Smaug's treasure is enormous
So how many and what kind of mRNAs are part of Smaug's treasure? Microarray analyses have shown that at least 20% of all maternal mRNAs are substrates of the maternal degradation pathway [2, 4] . Surprisingly, Smaug is required for the degradation of two-thirds of those, a minimum of 700, and presumably more than 1,000, mRNAs [2] . In their study, Chen et al. [1] examined the mRNAs translationally repressed by Smaug. For this purpose, they isolated polysome-associated mRNA from smg and wild-type control embryos and analyzed them by microarrays. The experiments resulted in a highconfidence set of 342 mRNAs that were more strongly polysome-associated in smg mutants, implying their Smaug-dependent repression in the wild-type. Using a statistical analysis, the authors extrapolated that as many as 3,000 transcripts, about one-half of the total number of mRNAs detectable in the early embryo, may be under translational control by Smaug. However, the two wellknown Smaug targets, Hsp83 and nos, were not among them. This was not unexpected: Hsp83 RNA is destabilized but not repressed by Smaug, and nos mRNA has been reported (and was confirmed in this study) to be associated with polysomes, even though translation products are not detectable. This is an important caveat, showing that the presence of an mRNA in polysomal fractions does not exclude regulation by Smaug.
How many of the mRNAs regulated by Smaug are direct targets? Using immunoprecipitation of the protein followed by microarray analysis of associated RNA (RIPchip), Chen et al. identified transcripts of 339 genes that are bound by Smaug. By means of a recently developed computational method, they then scanned the Smaugbound RNAs and the high-confidence set of 342 translationally repressed RNAs for the presence of potential SREs, stem-loop structures with the loop sequence CNGGN 0-4 . Both in the bound and in the regulated RNAs, SREs were predicted with a 10-fold higher probability than in non-bound and non-regulated RNAs, respectively. In addition, the selected RNAs contained variant SRE sequences with probabilities matching the binding specificity of Smaug determined in earlier biochemical experiments: high-affinity sites were more enriched than low-affinity sites. These results come as no surprise with regard to the Smaug-bound RNAs; they merely support the reliability of their identification. However, a similar degree of enrichment of the SREs in the translationally repressed RNAs suggests that a large fraction at least of the high-confidence RNAs are direct targets of Smaug. By analyzing data from one of their previous studies [2] , the authors also found SREs to be strongly enriched in mRNAs degraded in a Smaugdependent manner, again suggesting a direct role for Smaug. Performing pairwise comparisons of RNAs bound by Smaug, repressed by Smaug (directly or indirectly) and destabilized by Smaug (directly or indirectly), Chen et al. found high degrees of overlap: two-thirds of the Smaug-bound RNAs were also destabilized by the protein, and three-quarters of the binders were also translationally repressed. Similarly, the destabilized and repressed RNAs overlapped to a large extent.
What about those RNAs that are destabilized or repressed but were not identified as Smaug ligands? These could be regulated indirectly by Smaug or they could be false-negatives in the RIP-chip experiments. From a significant enrichment of SREs in these classes of RNAs, Chen et al. concluded that a large fraction of the regulated RNAs are in fact direct targets of Smaug that escaped detection by RIP-chip.
As the number of Smaug-regulated mRNAs is large, they code for proteins involved in many aspects of biology. Messenger RNAs localized to the posterior pole were prominent among the Smaug targets, as were those encoding proteins involved in the regulation of DNA replication and transcription. More unexpectedly, the list of targets predicts regulatory effects of Smaug on protein folding and proteasome-dependent protein degradation, lipid droplets and even basic energy metabolism. With regard to metabolism, the majority of glycolytic enzymes were identified as potential Smaug targets, and enzyme assays confirmed a modest increase in hexokinase and phosphofructokinase activity in smg mutants.
Conclusion
In summary, an unexpectedly large number of mRNAs in the early Drosophila embryo seem to be regulated directly by Smaug. Destruction of the protein during cell cycle 14 is presumably necessary to prevent degradation of zygotic transcripts, as many are derived from the same genes as maternal mRNAs. Since Smaug is necessary for zygotic genome activation, including, for example, the synthesis of microRNAs required for the zygotic pathway(s) of maternal mRNA decay, many additional RNAs are controlled indirectly by Smaug. The new data also suggest that Smaug targets are typically both destabilized and translationally repressed. The poly (A) tail is a potent stimulator of translation, so recruitment of the CCR4-NOT deadenylase by Smaug might be sufficient to cause both destabilization and repression. However, in the case of nos, translational repression goes beyond deadenylation [9] . The mechanisms by which Smaug brings about deadenylation and translational repression remain to be explored in more detail. Being derived from high-throughput data, the current list of Smaug-regulated RNAs will undoubtedly contain some fraction of false-positives in addition to the true targets, and there will be false-negatives as well. Many targets will very likely be confirmed by more detailed experiments as the list is used as a starting point for studies of Smaug-regulated biological phenomena and their contribution to the development of the fly embryo.
